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One of the most important aspects of flame or plasma atomic spectrometry

is the means and efficiency with which the sample solution is converted into

an aerosol and carried to the analytical flame or plasma . In particular ,

droplet si ze p lays a key role in determining the sensitivity , precision , and

relative freedom from interferences that can be obtained with a flame or

plasma. Small droplets will be quickly desolvated and will produce propor-

tionally smaller solute particles which in turn will experience rapid and

efficient vaporization . The mechanisms of desolvation and vapori zation have

been examined in some earlier studies (1 ,2) which describe the comp lex Se-

quence of events occurring in flames whereby sample solutions are transformed

into free atoms . From these considerations , any modification which would

enable a nebulizer to produce smaller droplets would obviously aid in improving

the analytical capabilities of flame or plasma spectrometry .

Several devices have been developed for converting a sample solution to

an aerosol and range from simple right-angle pneumatic nebuli:ers (3) to more

complex devices such as ultrasonic nebulizers (4)and electrostatic sprayers

(5). Mavrodineanu (6)has described these and other methods of sample intro-

duction which are commonly employed in flame spectrometry . Of the many alter-

native techniques , pneumatic nebulizat ion has become the most widely accepted

means of sample introduc tion , because of its relatively low cost , h i g h efficiency,

and simplicity of operation . Uowever , pneumatic nebulization produces relativel y

large droplets which vary widely in size.

In the present paper , a novel techni que is described in wh i ch the size

of pneumaticall y produced droplets is reduced by application of an intense

electric field to the nebulized liquid , This new approach is simple to imple-

ment with nebulizers commonly employed in plasma or flame spectrometry and

should find application in many labc ratories. The performance of’ t h i s  ne~

~~~~~~~~~~~~~ -~~~~~~~ -~~~~~~
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electric-field pneumatic nebulizer (EEPN) system is based upon the interaction

of electric field forces and molecular forces within a charged li quid jet as

it is pneumatically disrupted , resulting in an effective decrease in the

surface tension of the li quid. This electric-field-induced reduction in sur-

face tension leads to the pneumatic formation of smaller drop lets by an estab-

lished mechani sm (7 ,8) which describes the role that surface tension p lays in

pneumatic nebulization .

In the present investigation , aerosols were produced by an EI PN system

constructed from a Beckman total-consumption integral aspirator-burner. Be-

cause operation of the new nebulizer was the subject of study, no flame was

employed; instead , the aerosol was measured directly and ambi guity thereby

avoided. Photographic observation of the aerosols produced by the EFPN sYstem

reveals distinct perturbations in the spatial distribution of the droplets

formed under the field’s influence . These perturbations demonstrate that the

droplets produced by this nebulizer are highly charged. In addition , drople t

size distributions produced by the EFPN system were directly measured and

compared , both with and without the electri c field applied , and a 63% reduction

in aerosol volume mean diameter was noted. As a necessary background for

these studies let us consider the basic mechanism of pneumatic nebulization

and the influence that an electric field will exert on the droplet format ion

process.

The mechan ism of pneumatic nebulization has been investigated and formu-

lated by a number of authors (9-12) and a series of theoretical treatments

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



has described axisymmetri c instabilities of flowing jets and their disiiite-

gration into drop lets correspoaling to the waveleng th of fastest growth . h ow-

eve r, our discussion can be restricted to those parameters involved in pneu-

matic nebulizat ion which are affected by an electric field.

Nukiyama and Tanasawa (8) correlated the size of droplets produced by

concentric pneumatic nebu l i ze r s  with the properties of the li quid being nebu-

lized and with the relative velocities of the gases and li quids involved.

Their results can be expressed as follows:

D = 
585/i 

+ (f
’
~ ( 

~
J15 (I)

~ 
Qa)

In Equation 1, 1) is the diameter of a s ing le  drop let hav ing  the same volume-

to-surface ratio as the entire populat i on of drop lets (termed the volume mean

diameter), S is the surface tension , d the density, f the viscosity and

the flow rate of the nebulized liquid , and V is the velocity and 
~a 

the flow

rate of the nebulizing gas. With most conventional pneumatic nebuli zers ,

Qi/Qa is insi gnificantl y small; consequently~the first term in Equation 1~

involving the surface tension parameter , p lays the dominant ro le  in deter-

mining droplet sizes. Accordingly , any reduction of a solution ’s surface ten-

sion will produce a marked decrease in the size of the resulting droplets .

Thi s behavior is illustrated by the fact tha t an increase in the number of

smal l  drop lets occurs in an aerosol when an organic solvent instead of an

aqueous solvent is nebu l i zed .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
Schmi d , (turd and Snave l y ( 13) re-

ported that application of a strong electric field to a solution w i l l  reduce

the solution ’s surface tension . This effect is well-recogn i zed in the field



of polarography ,  where appl icat ion of a potent ia l  to a dropp ing mercury

electrode alters the mer cury-solution i n t e r f a c i a l  t ens ion  and consequent l y

changes the mercury f low rate and drop formation t ime . Corresponding l y ,  the

applicat ion of an e lec t r ic  f ie ld  should also reduce the s i z e  of pn eumat i c~i l l y

produced droplets. Mechanist ical l y,  the e lec t r ic  f i e l d  forces O~~~ OS C mo l e c u l a r

forces wi th in  the droplet as i t  is formed ,which  resul t s  in  a lower ing  of the

droplet ’ s surface tension and creates i n s t a b i l i t i e s  w i t h i n  the drop let . This

complex interact ion then leads to the breakup of the larger uns tab le  drop le ts

into smaller  more s table  droplets.  In the case of aqueous s o l u t i o n s , su r face

tension reduction can be v i sua l ized  as the result of an increase in the or ien-

tation of the water dipoles in the presence of an electric field. Similarl y

or iented dipoles will repel each other, thereby leading to a decrease in sur-

face tension .

The instabilities created within a charged drop let can be linked to its

acquisition of excess surface free energy when the droplet becomes ch arged;

in turn , this free energy can be minimized by decreasing the droplet’s charge-

to-surface area ratio. A decrease in this  r a t i o  is conven ien t l y implemented

by fragmentation of a large droplet into a number of smaller droplets . h ence ,

the combinat i on of electric field effects with pneumatic nebulization results

in a system capable of substantially reducing the size of the droplets pro-

duced from a conventional pneumatic nebulizer.

Anothe r technique which is closely related to the EFPN phenomenon just

descr ibed deal s w ith the breakup of charged l iqui d jets and is commonly  cal l ed

electrostatic spraying. Even though pneumatic forces do not play a role in

elec trostatic spray ing, the mechanism of the influence of the electric field

on pneumatic spray ing is similar to that involved in electrostatic spraying.
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Consequently, the e f fec t  t h a t  an e l e c t r i c  f i e l d  w i l l  have  on these pro ss~-~

should  be s i m i l a r .

The mechan i sin of e l e c t r o s t a t i c  s p r a y  i n  has I ) 1 C U  st u d i e d  ex tens i vi ’ h y

14 — 18) and a great  number  of expe r im en t a I and t heo re t  I c a l  p aper s  (t;i ye ;lppu red

on the many processes i iwo Iv ed i n t he b r e ak u p  of cha rged I i  qu i et ‘-
~ 

( I 9— 2~ I

~.1ost o f these i n ve s t i g a t i o n s  t r ea t  the ob scrvcd s u r f a c e  i n s t a b i l i t i e s  is  al l

op p o s i t i o n  of no l e c u l a r  forces (e .g. su r fac e  tens  i o i i )  and i’ h c c t  r i  cal for c e s .

In  order to m i  11 in ze surface cue rgv , the no I ecu I a r fo rces  tend to decrease

the s u r f a c e — t o — v o l u m e  r a t i o  ( i .e. , co n t r act  the I i qui d i n t o  a s i n g l e  sp he r e )
/

whereas the ener~’y associated with the e lec t  r i  c f i e l d  i s mlii m i  zed by i u c re a s  I ng

t h i s  r a t i o  ( i . e • , shattering the I i qui U i m i to  t i ny drop l e t s )  . Consequent h y

as the e lect  r i  cal forces become don m i n a nt  , a decrease occu rs i n  t he  meal)  dr op let

dia mete r p roduced upon b reakup  o f a I i  q u i d  jet  . Tb i s behavior has been con-

f i rmed  by hl uebner and o the rs  (18 , 20 , 23) who found t h a t  the  mean si :e of the

drop lets p rod u ced f r om such j e t s  dec reases w i t h  i n c reas ing  a pp l i e d  potential.

l)isintegration of liquid jets u s i n g  p o t e n t i a l s  of up to 25 KV ha s  been e x a m i n e d ,

but the e l e c t r i c  f i e l d s  c r ea t ed  were a c t u a l l  weak due t -~ l a rge  distances be-

tween e l ec t rodes.  L ) i  stribut i ons  t a b u l a t e d  for mean d rop le t  s i z e s  i n  t hese

st ud i e s  range from 100 to 1001) m i c r o m e t e r s  , and Si  ze ilec i-cases on t he  orde r

of 25°O t o  50~ , depend i ng on the iii agn i t  tide of t h e  p ot en t  i a ! hi’ i n~ app i i  ed . ii ivi’

been observed. Comp ar ab  Ic re~h u c t  i o n s  i n  dr op L e t  s i  :cs lii i g h t  be e xp e c t e d

for the ElPN sy s t e m  operated under  s i m i l a r  e l e c t r i c  f i e l d  s t r e n g t h  con-

ditions; in fact , the EFPN system described herein yields a 63’~ dec rease

in the vo l ume mean droplet  d iameter  when a potenti al of 5.5 KV is app l i e d .

- - - -- - - - - -  - - ~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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A d i agram of t h e  LFPN s y s t e m  emp loyed  in  t h e  present work s i i o t ’m i  i n

Figure 1 . The system is conipr i sei.I of a charg ing elect rode aiid .i l~ec k , na i r

burner attached to a spat jul translator and mnotiiitcd with i i i  an i nsul ated i-ri—

closure . To charge the drop lets be ing  formed , t i’ i’m i n a 1 B ( col in ec ted to  the

nebul  i :e r )  is grounded , so the bulk a n a l ytical so! L i t i  Oil i s not charged ;

however , a potential of 5.5 K V i s  apj ) 1 i cd  to  t e r m i na l •\ by .m h i :~I i ‘~o l t ; i ~~c

powe r supp ly  ( c f . 1 able I) . Consequent l v  , 01) 1 y that port to ri I ) I t i l L’ so! ut ion

between the electrode and n e b u l i  zer i s charged , the reb y max i nit i rig the c 1cc -

t r i c  f i e l d ’ s c c t .  Care must be taken in  the I f I ’N system desi gn to m n i l i i m n i : c

the di s t a -  cu the nebul i zcr and terminal A , so the  grea tes t  e l e c t r i c

field s - 
- ~ generated. This goal was accoinp l i shed in  the p resen t  s t u d y

i)y p o s i t  Lowi ng the  n e b u l i z e r  as close as pos s ib l e  to t e r m i n a l  A (approxim ately

1cm), without causing electrical breakdown .

W i t h  this arrangement , an elect r ic f i e ld  on the orde r of 5.5 Ky/cm , is

created be tween  the  t i p  of the nebu l  i :er and the  d m a  rg i n~ elec trode. ~e diii

not a t t empt  to accura te ly  measure or c a l c u l a t e  t i re  f i e l d  s t r e n g t h  since th I

study is di rected it me rely demonstrating the effect of its presence. Time

response of this system to an app lied electric field w i l l  be examined i n  each

of the following experiments and details concerning all of the hid i v i d u a l  com-

ponent s employed are summarized in Table I.

The  I i PN sys t em shown in F i g u r e  1 was mnodi fied for sonic studies , in this

inodi f i c a t i o n , t e r m i n a l  .-\ was rep laced by a p le x ig lass  p l a t e  holding a brass

r i n g  wh i cli eri c i r c l e s  the nebu l  i :er and ac t s  as the  charg ing  e l e c t r o d e . ‘ih i s

mod i f i  ed dev CC ~ C r t o r m c d  in s t  as t h e  on g i na I , hut  was mi d ged s afe r to  Op el - —

a t e , because t i m e area Wim i cli i s  held at a h i gh po ten t  j u l  j~ g r ea t  l v  r educed . 

~~~——~~~~~~- -- - .- -——~~~~— —~~~~~~-~~~~~~~~ —------ - --— -~~~~~~~~~~~ -
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Li ght scatter tr ig obse rVat loris were ciii-

p loyed to  e v a l u a t e  the  e l e c t  r i  c f i  e E d ’  s e f f e c t  on the spil t i a I d t  st r i  bu t  ion

of the charged drop le t s  as they  are produ ced . F I g im rc 2 por t ray s time exp i-r i

men ta l  ar r ange men t emp loyed for these ob servat  i omi s. A xenon arc 131111) ( c f .

Table 1) is used to i l l u m i n a t e  the aerosols  and a camera oriented j u s t  less

than 180 0 w i t h  respect to the l i g ht  sourc e record s t h e sca t tered ra d i a t i o n

as a f u n c t i o n  of app l ied e l e c t r i c  f i e l d .  The o r i e n t a t i o n  of the  ph o t o g r a p h i c

readout serves to max i m i z e  th e Mie sc a t t e r i n g si gn al and m i n i m i z e s  the  e f f e c t s

of morp hology  ( i .e. a s p h e r ic i t v )  of dro p l e t s .
/

To ob ta  i n  a scat te red 1 ight photog raph , t he  a i r de live rv 
~~~~~~~~~~~~~~~~~~ 

t I) I

nebuli zer is adjusted to a flow rate of approximately 2 1pm ; at  this flow ,

a stable aspiration rate amid aerosol cloud are produced. l ’he xenon a rc  i s  t h e r m

oriented so that its li ght strikes the aeroso l  j u s t  above the  tip of  t~me r i eb mi -

11 :~e r .  The camera  i s  p o s i t  ioned to ob ta in  m a x i m u m  s c a t t e r in g  s I gnu  I s  h u t  10—

cated so d i r e c t  r a d i a t i o n  from the l amp does ~ot f a l l  on i t ;  p i) OtOgr ;lp i l s  :1cc

then  t aken  w i t h  and w i t h o u t  the e l ec t r i c f i e l d  b e i n g  a p p l i e d .

~~~~~~~ ~~~~~~ ~~~~~~ ~~~~~~~~~ The most re 1 i ab 1 e method t o  r

dete rmi n i n g the d rop le t  s i z e  d i s t r i b u t i on produced by the  LiFP N s y s t e m  i s  the

~4gO i mpression techni q ue (26)  ; however , t h i s  techni que y ields no spa t i~~l i i i —

formation . The procedure involves  coa t ing  microscope slides wi th a th i n  and

uni form layer  of fine-grain MgO and t h en c o l l e c t i n g drop let impact impress ions

w i t h i n  the l a y e r .  Impress ions  are co l l ec ted  by q u i c k l y p a s s i n g  the  coa t ed

slide through the aerosols formed both when the e l e c t r i c  f i e l d  i s  pre~~ fl~ and

when it is absent. To measure each impression , photomicrographs were taken

of groups of drop let impressions in a desired reg ion of the slide; by compari-

son of these images with a pliotomicrograph of a c a l i b rated re t i c l e , t ak e n with 

----- -~~~~ -- - - - -- - ~~~~~~~~~~~~~-
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t h e  same opt ical -~ystern , ti m e s i z e  of t - ; i c im i inp i’i~~s iou can be deterriu i iied . ~~i~-

cause each s l i d e  c o n t a l i l s  h u n d r e d s  of  d r o p l e t  i m p r e s s i o n s , t a b i i ! i t  m u  of  I he

si  :es m ea s u r e d  f r o m  seve  i’a! si  i des i~ 
roy u des a re i i  :rb Ic  a r i d  r ep r e s en t i t  i

drop le t  si ze d i s t u i h u t  ion . l u rop i ct s  h a v e  been collected ins r ig t h i s  t c c ) i m r i ~~ i ut -

o v e r  a 1 U r g e  S i  ze 1-arige and fo r  a i’ i di’ range  of I i qi l  Us and  i u i l p a c t  i c  I oc i t  i cs

and it has been shown that t i m e  t e c h n i que  i s  ca j ) ab  le of l U e J s U r i  rig d r op l e t

d i a m e t e r -  cr eater t h a n  10 11111 W~ th  3—5°c a c c u r a c y  ( 2 ) .

) 
~ O1) I L ’ ~ ( I m ,i ~~~~ ~~~~~~~~~~~~~~~~ . Acq u I s i t  I on o f - cha rgc i S p ar t  of t h e  n i e c i m —

an i sin cont  ro 11 i r ig the  r e d u c t i o n  of a drop le t  ‘ s si :c , as desc i- i bed ear  l i e  i- .

.-\ l so , the  polarity arid m a g n i t u d e  of a drop let ’ s charge w i l l  i n f l u e n c e  t h a t

drop l et s  be ha v  or upon i n t e r a c t  i Oil W i  th  o t h e r  c o m p o n e n t s  i n  a ny  spect  comet i’ r

s y s t e m .  T lmere fo  u -c , an at  t enipt was m ade to  de t e i -mn i  rue the  ch~i i-ge that a U i-op le t

acqu l  res f rom t h e  [i i ’N d e v i c e .

The a ye r age charge per drop le t  w a s  deduced from t ime  drop l e t  s i :c d i  st  r I b t i —

t ion , t he  nebu l  i :at ion ra te , and the c u r r e n t  t h a t  f l o w s  i n t o  the n eb ui  i i  :ed

l i qu id  s t r e a m . No measur al)  Ic charge  was  induced  onto the  drop l e t s  in  t h e  ab-

sence of the  e l e c t r i c  field . There fore , the current f l ow i rig i n t o  t h e  ni c huu -

I i  :ed St  ream , coup led wi t im time niebu 1 i zat ion r ate  (in nil/sec) defi nm es ti ii ’ charge

that  is acqu l  red per u n i t  vol time of nebu ii zed so m t  io n . I n  turn , the dma rgcd

li quid i s  d i s r u p t e d  i n t o  a d i s p e r s i o n  of drop l e t s  w i t h  f i x e d  f r a c t i o n s  e x i s t i n g

in speci fic arid statistically fixed size ranges which are defined by time drop let

distribut ion data .  The number of d r op l e t s  i n  each size m’ange formed per -  u n i t

volume of I i  qu i d nebu ii  :ed can th en  l)e c a l c u l a t e d  and the resu It  i r ig cha ry,e ~ 1’ r

drop le t  d e t e r m i n e d .

l~x p e r i m n e n t a  I l y , the  c u r r e n t  was measured  by c o n n e c t i n g  a 1ii coannmc ter

(cf. Table I) bet w een t e r m i n a l  B and ground pote n t i al ttermi na I II is di  sconum ected
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from g r o u n d )  amid not inig i l l  udu i cii i i i  rect  i o n  the c u r r e n t  f l o w s .  \ L L u l r a t u -  i n c a —

sureunen t  of ti m e n e i ) u l i : a t  i o n  r a t e  i s  ;ic conn p ! i s i i c d  w i  tin t i i i ’ a i d  of  a s i m p le

a pp a r a t u s  s l i t  ~iu p r - o v t d e s  a s o l u t  ion resi’rvoi n kept at a i- o n i s t a u i t  l i i i -  I a i R )  - i

gas sv st cn i  W hi ch n~a i nt ai n s a constant floW I - a t e  t h r o u g h t he  m i e b t i l i :i- r - . l i i i -

amount of so! L i t  on t h a t  u s aut ornuat I ca I lv added to keep a curl stant I eve I in

t~~e resc u -~~ci  r d t u i — i n ig  n e hu l  i :~~t i on  i s  a c c u r a t e l y  m ea s u r e d  cd c o r r e s p o n d s  t o

the quaui t i t v  c i  s o l u t  ion that i s  nichu! i ced . i~ecurd m t : g t i m e  t m ule p e r i o d  d u n  n~

i~h n c f m  n eb i l l l :at ion occurs results iii trs ni - h i m I t zat ion i- a te .

l i m e  : l p p ; l r . l t t u s  used to m a i n t a i n  r i  i- t i I i ’~t l i i s o l u t i o n  li -cd level consists

of a ~. t u g  Ic  g l iss I ube ( ~ min i i .d . ) f i  I l ed  s u t i m  s a t e  n- , ui ie eni~l sea — ed a n d  t hi-

o t i i  n l i -t i open . ne t u b e  i s lie 111 s i  t i m the open end i miners ed i R - o a 25 ni l

g r u d u m i t i d  cvl m dcc  w h i c a  a c t s  as t h e  so l u t  ion  r e s e m -v o i r  f o r  t h e  nebul I :er- ;

as the soluti on level decreases , an ai r l)Ubl)le is allowed to en ter the g lass

tube arid) co r u- esp on i i ! i mu g !) ) the  tube  d i sp enses  an i d e n t i c a l  v o l u m e of wa ter ,

nul a i r i t a i  n i n g  a co u t s t  a n t  lev e l i n  the reservoir. Measuring the  volume di sp l a ced

in  the feed t tube e n a b l e s  an a c c u r a t e  (± .02 n i l )  dot e l-I l l i n at i o n  of t h e  vu luime

nebu l  I :cd .

RLSUUI ’S AN !) 1)1 SCUSS I ON
-~~L L \ - V ~- e \ - -~ - t ’  ~- i - ~~u-\~~- \O - L -

the  pho tograp hs of sca ttered radi at i on qua 1 i t c t  i ye 1 r evea l  t h e  s p a t i a l

di stribut 1 on of t he  drop lets produced by- time NFP N sy s t e n n  with and w I tho ur t thc

e l e c t  n c  f i e  hi . I n  t u r n , t h i  s di st r i b u t  ion i n d i c a t e s  both t h a t  the drop l e t s

are  cha rged  arid that thei r si cc is reduced by the field’ s Influence . These

qua l i t  i t  I vi ’ f i ni d i r igs are con fi i nned t im roug lm use ot :1 d i rec t and qua lmt i t  a t  I vi’

me thod for detcrni i n i n g  t h e  i rop le t s i  cc d i  St r i  lint ion 1)l’odtli’eii by the IT I ’ \
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sys tem .  These r e s u l t s  and t l iei  r importance to p r a c t i ca l  f l anmic  and l uitsu na

spect ronne t ry  are discussed in this section.

k~€~~t ~ f 1  ct J~1~~ n~~~~t t -i - 1) 1 j~ Lni t~ ~qn u~f I ) roj~ et  s .  i l  g i m i

scattered from the aerosols wit i cii were  1)roduced by time FFI N sy - st e mIl  r eV e z l  I cii a

d i s t i n c t  e f fe c t  of t ime e l e c t r i c  field. the photograp h i n  F i gure  3A dep icts

the s ca t t e red l i g ht  p rof i  Ic when no e l ec t r i c  f i e l d  i s  p resen t ;  the n iai n st  reanii

of the aerosol  appears con f i n ed , w i t h  o n l y  a few drop lets deviating from the
/

axis of the aerosol . In cont ras t , Fl  gure  313 shows the change in nebul I zat ion

which occurs when t h e  field is app l i e d . t i m  F i g u r e  3B , a much m o n c  d i  ffusc

aerosol cloud is found , with a large n umber of the di-oplets appear ing to

possess hi gh ve loc i t i e s  perpendicular  to the p r i m a r y  ax i s  of aerosol  f low .

It was qua l i t a t i ve ly  observed that the s e d i m e n t a t i o n  i-ate of these outer -  drop-

le ts is ex t r eme l y slow , suggest i n g t h at  t he drop le ts  in  ti m e pe r i phery  of the

aerosol , portrayed in Fi gure 3B , are very small . These results indicate that

the same reduct ion  in droplet size that ii:i s been c h a r a c t e r i z e d  fon chan -ged

l i q u i d  j ets (23)  is probably occurring during electric — field ~) uiet lf lh iI t i c  nehu li zat ion .

The a c q u i s i t i o n  of a charge by the drop lets and the effect of the e l e c t i - i c

f i e l d  on the charged drop lets are vivid! y shown i n  the pho tograp h i n  F i  u u r e  SB .

The o f f — a x i s  (peri pheral) drop le t s  i n  F i gure  311 are bet rig stm- ong lv att r~i ct c d  t o

Ternn i~u a I A arid c o l l e c t e d  there ; hence they niust be charged to  the opposite

p o l a r i t y  of the  ap p l i e d  p o t e n t i a l .  A p p a r e n t l y ,  t h e  dome—shaped r-egioni just

above the  t i p of the  n e b u l i  z e r  marks  the i n t e r f a c e  between t h e  reg i o n s  of

oppos i t e  p o l a r i t y .  Ihese  e f f e c t s  are a l l  observed to :irm i d e n t i c a l  degree

when ci  t ime r  p o s i t i v e  or n e g a t i v e  potent  i a!s are a p p l i e d  to t i m e  fl :PN sv st  cnn .

‘the c u r r e n t f l o w i n g  i n  t he  N F P N  sys t em upon app i i ca t  i on of t h e  e l e c t  n c

f i e l d  is  on t i me  o r d e r  of 1 .4 x l0~~ A .  Moreove r- , t i m e  d i  r ec t  i o n  of  t i m e  c i r r r c u i t  
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flow indicates that drop lets are being charged to t ime  p o l a n - i t y oppus i te f u o n i

the app lied potential , verifying the  fo r e g o i n g  exp L a n i a t  i o n  g i v e n  for  t i i i -  1) 1- -

havior of the droplets in Fi gure 3B . Si g n i f i c a n t l y ,  t i m e  ileq Ul sit i on of such

an excess surface charge can cause  a drop l e t  t o  become ti n s I ~m l ) Ii ’ , l ead  i nl ~~ I o

i t s  fragmentat i 3n . I n  e f fec t , the cha rged drop le t  i s t  ~ih l  I -u i- s a l o w e r -  i - l l i - r gy

condition by decreasing its charge—to- surface a rea  n at 10 t h roug h f r a g m e n t a t i o n

into a number of snia l 1 droplets. To cite a nur m eri cal examnip le , a 40 lAm d i  am —

eter drop let mi ght disrup t into sixty—four 10 in  d i a m e t e r  d r o p l e t s  w h i c h  t hen

possess the sam e total volumne . The average charge carried by’ 40 11111 and 1( 1 t ori

droplets by the EFPN system can then be calculated from the measured cu rr ent

(4.4 x i~
-
~ A), nebulization rate and droplet size distribution data , as pre-

viousl y described. When this calculation is performed , the surface charge

on t he 40 t im a n d 10 om droplets is found to be 1.7 10-13 coulomnbs and

7 .2 10-16 coulomb s re spec t ive ly .  In  turn , t hese values  i n d i c a t e  a c h a r g e -

to - su r f ace  area r a t i o  for the 10 t i nt d rop le t  wh ich  is  an orde r of m a g n i t u d e

less tita n that  for the 40 ann d r o p l e t .

U n f o r t u n a t e l y ,  h i gh l y  charged  drop l e t s  mi ght  a l so  lead to a s e r i o u s

p roblem . Be i n g h i gh l y- ch arged , the drop l e t s  w i l l  p O SSeSS a h i gh a f f i n i t y -  for -

any object  at  ground p o t e n t i a l  , i n c lud i n g ouch areas as a niebu l i z en -  s pr a y

chamber arid burner walls . Collection of a large quantit Y of drop lets on

these  sur f aces co u ld lead to a sub s ta n t i a l  red u c t i o n in the  amou nt  of sa mp !c

being introduced into the analytica l source (i.e., flame or p lasma). Of

course , charg i n g of the spm-ay chamber ari d bur n i e r  w a l l s  to a p o l a r i t y  t lie same

as t ime  drop l e t  ‘ 5 cou ld  overcome this problem but mmm i ght  be in mu p m - a c t  i c a l

I’ i’ rim aps the best method for ove rcom i rig th i S pot eni t i a I p rob I eurm W O U Id  he to

rmm i n t m i  ze t im e  n eh ru  i ci i- and b u r n e r  su r f a c e  areas  to w h i c h  t h e  dr op lets i i -

N 

~~~~~~~~~~~~  ~~~~~~~~ ~~~~~~~~~~~~ -- - -•~~~~~--~~~- - - - -~~~~~~~~~
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j )osed before  they en te r  t h e  flame O F  P I  , I S f l i , l .

~~~~ ~~~~~ ~ i~el~~ ~~~~~~~~ ~~~~~~~~~~~~~~~ Because  t lie

ae rosols  pr oduced by the hPPN system arc pol yih i spers c ( i .e. conta  i m m  a r a i lgu -

of drop let si zes) , cha rac t e r i  z a t i o n  of the aerosol  requi res  k n o w l e d ge of t h e

droplet S i z e  d i s t r ibu t ion . In turn , to de te r m i n e  t i m e drop l e t  si z e di stribu—

t i o n , on e m ust ac cu ra t e l y t abu la t e  the f requency - of occurninci— of each d rop le t

size . Numerous methods have been developed for measuring drop let sizes; the

most genera .! and convenient of these methods is the  MgJ impress ion  method

) 2 6 ) , wh i ch was chosen fo r  use in the present  i n v e s t i g a t i o n .

Mo re than 1500 drop let impress ions  we re co l l ec t ed  amid me a sured  fm- on

photomicrogra p h s such as the one show n in Fi gure 4. Meas ur ed dro p le t  d i a mete r s

were p laced i nto s i z e  groups w h i c i m  were centered around a nominal si ci- and

tabulated at S ann i n t e r v a l s .  A l l  of the d rop l e t  d iameters  wh i ch wer e me a sured  to

he less t han 10 tin were i nc luded  in  the 10 t im s i z e  group .  The e f f i c i e n c y  of col-

lection of droplets sm a l l e r  than about 10 i’m is  low , because such s m a l l  drop l e t s

te nd to f o l l o w  the  a i r  f l ow around the MgO-coat ed s l i d e s  and a re t l i e i - c l o r i -  no t  ~‘ f f u  -

i en t  ! y co I l e c t ed  . Al so , s m a l l  drop l e ts  do riot  o f t e n  I cave mne asuraii Ic m u —

pressior l s upon impact , because of t h e i r  low mass.  Consequent lv , som e erro r

undoubtedly e x i s t s  in the tabula ted  10 pm popu la t ion ; the same l i n u u i t a t i ons

p roh ib i t  the t abu la t ion  of any drop let sizes smaller than 5 am. O v e r a l l ,

however , the MgO t echn ique  has been shown to be q u i t e  use fu l  for c h a r a c t e r i z i n g

ae ro so ls  of t h i s  n a t ur e (27) - I hese tabulations are dis p layed -is Iii stogranim s 

— - - - - - - — .-—‘ - — - -——- -- - -- —---- - —‘- —--- -—- ~~~— -~~~- ----- — - — - --- -- - --~~~ - -  --4
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in Figure 5, where the percent of the to ta l  nmunmber of drop lets obsem-v i- il is

plotted against the diameter , in pm , of each d r o p l e t  s i z e  group . \ uh isti nrc t

shi ft of the ent i re distribution towa rds sina i i c r  d n-op l et s  occur - s m Q i iemn  t in-

electric field is app lied , p roy i rig that there i s i n m de e d  a reduc I I oil iii t i m

si z e of time drop let s produced by a pmt eunnatic nebu i i  ze n -  u n d e r t i m e  i m i l l  n eil — i - of

an elec t r i c f i e l d .

The nnleani drop let d iameter  of aerosols  produced b y nebul  i z a t  ion  of aqu e ouus

s o l u t i o n s  w i  t i m  a ~3eck mn an n e b u l i z e r — b u r r i e r  has been shown to he ap p r o x i m a t e l ~

20 pm ( 2 ’ ) .  C o n s e q u e n t l y ,  i t  i s  w or thw im i  Ic in t ime  present s t u r d y to examnr i fl u
,

the percemi t of the  to ta l  number of droplets  wh i ch is greater  or less t h a n

20 pm . Such a comparison , sh own in Table Ii , demonstrates again the sharp

decrease in drop let size that occurs when an electric field is applied. Sii’-

nificantly, the app lication of an electric field not only increases the number

of small drop lets but also provides a corresponding decrease in the number of

large drop lets . This finding agrees with the theoretical exp lanation given

earlier concerning the mechanism of the electric field’ s effect upon pn eun na tm c

n e b u lj z a tj o n .

The r ep re sen  t i  -

tion of the drop l et distribut ion data  (cf . Fi gu re 5) by mi m i emp i r i c a l  f uu i c t  I on

enables  one to q u a n t i t a t i v e l y  compare the measured d i s t r i b u t i ons l)y comput im ig

the i r  mean drople t  d iameters .  Past s tud ies  (28) have sh own tha t  t ime l o g - n o r m a l

func t ion  is applicable to sprays of this nature . The log-norma l function is

statisticall y based and predicts that the natura l logarithm of the droplet

diameters will be distributed in a norma l or Gaussian manner. Mugele and

U~vans (28) found that an even better agreement wi tim experiment could be

real  i zcd b y i nt roduc i rig an upper— limit parameter into t he  l o g — r i o  nui m i I f i m n m -t i On 

--—~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ --



-~~ 
— -- - -- —---- - -

~~~ 

- —

~~

--- ------ -- --- -- —-----w - -

1-1

Fime U p p e r —  I u r n t parmu n ieter Smlilp l y represents tim e uu i mi xii unu nn st able dn~’~’ lit ii auni —

et e r ;  t h i s  real  1St iv  1 inn it m-ep laces time time oret i cmi i coimc ept , imp l i v  i t  i n

time log—nor m al fumict ion , t h a t  t he r e  i s  an i m i f i  i m i  t e  l y smnm i II pn-obab l i l t  
~ 

that

an i n f i n i t e l y l o u - g e  d r o p l e t  ml  gu t  be formed . Fxaun i aat i o u  of  l - i g i u rc ~ i h i - - i m u o u m —

strates that an upper- l i m i t to the drop let di annne t cr ra n ge ca in  e a s i  l v  he d e n  t i m i d .

The log — n or m a I /upper— 1 imn i t funmct ion was iq p lied to time di st r I bu t  i on dat  a

as described by Muge Ic amid l;vans (28) . hum tim I s pro cedure , t i n  l og ar  i thu i ) f

time drop let diam rteter is fi t-st p lotted aga i mis t  time cuim iulat l vi-- vol umm ie fr;ict i ~,nm

on a p robabi  Ii ty scale; such a plot is shmow nm i i i  Fi gu re  (A for time case w huemm / -

the electric field is absent. The linea r-it y of time plot , except at l a r g e

diameters , demonstrates that the droplet distribut i on can be accurately u-ep-

resen ted by the log-nor nnal  f unc t i on . The deviat ioni from linearity at large

drop le t  d i a n u m e t e r s  apparent  i n  F i g u r e  6/\ i s  i n m i m e r e n t  in the log—norma l fumnct i on

and is corm-ected when time uup~mer — linimi t pa ra m e te r  i s  I n e l u J e d .  F ol  low i rig time

same procedure for time drop let data obtained when time electric field is

present y i i -  I ds t h e  p lot  shown i mm F l  gure  o R ;  mis before , time p lot dem on s t n a t  es

that time drop let size di stt-ibu ’t i on pr-odtnc ed un der the i n f l u e n c e  of time e l i - ct ri c

field can be n - e l m n-escmited by time 1 og—no r-num a 1 fummmc t I on

Muge 1 e and Lvam r s (28) imave derived aim CXI) res sio mm for the vo l  nine neon

diameter ) of a drop let di st n- ibut ion wim i v im adimeres to time log—i ron -ir m a I m ind

upper—limit functions:

X = X1~/(l + 2ae~~
4
~ + a~ e U’~ ) ½ ( 2 )

In l~quation 2 , the maximum s~ ab1e drop let diameter , 
~~ 

is t u e pa r - a m mete r

associated hI th the upper— i im n i t f un i c t  10mm and i s  d e t e r m i ned from time plot s 1m m

F i gures ~ \ and -d1 , as d e s c m - ih e d  by Cam -utes ( 2 9 ) .  F h c  a t e r m i n  h~q u a t  i o n  2 

-~~~~~~~--- - -~~~~~~-



is a ih i mm uemi sm on i less u-onm s tanmt wi mi i-- l i  I s  a l s o  n - e m n d i  l y d e t c r n n m i n e d  f r oun ,  Fi gur e s  i~-\

amid (nB (29) - h 1  im a l  ly , the s 1 cc di stri but i on pa raineter, ~ , wh i cii cmiii hi

associated w i t h  how rapidl y time distribut iou decreases  from i t s  max inn i mmu v a l u e .

is obtained from the slopes of time lines I nm Fl  gum-es OA amid (i1 (after t ime

upper—limit fumnct ion correct i omm is applied). By i-a lcu la t i mig valmm i- s fu n  t imi -- ~
l ) ar mm n mc t e i-s ai m d sol v i  nmg i~qumm t i our 2 , om me can comuni)ute am id cunmupa re Vu I im n ule inc a ml

d iame te r s  fo t- t I m e  drop let  d i s u  m i h r u t  l o u i s  o b t a i n e d  b o t i m  w i t h  amid  w i  t i m o i n t  t h e

e lect r i c  f i e l d  be i ng app i l e d .  Volume mean d i a m e t e r s  a n c  co m m i puted

because drop lets rmueasured by i numpact tec imm i i qui-s g i ye vo l  i-t un ic a vu rage-s
/

The results of time foregoi rig nnma t im emnn at i cmi i t rem l t mni emmt  , sununa ri ccii in I ~i i I i -

I I I  , reveal  a pronoun ced decrease in the  vol  mime ; u u e amm d i  amete r upon ml i i i )  Ii cat i O u

of the e l e c t m - i c  f i e l u , the reb y s u b s t a n t i a t i r m g  t ime  e a r l i e r  1m r ed ict i o mms . F i m e

95% confidenmce limits indicated mi  lable I l l  reflect the accuracy of ti n s

statist ical app i-oach to drop let si ze nuu e ; u suren nicnm t  ; ml s innp ie  t— t es t com mf i n nmc d

that time listed mnmean values mi re si gnm i fica m mt l~ di lIe n-ent

The impor t ammce of the (3 ’~ dec remi se jim the v o l  uu m m e muiemm m m il i mimu m e tin o1 t iii - ’

drop lets p roduced b time FFI’N ~~~ cmi  (cI. l’ab Ii’ i l l  I is toude iscou-ed b y coin—

pari ng it to time deer-ease i n  d r op l e t  S i  ~ c nei)orted by Carnes (27) fo n- time

nebul i cat i on of orgarii c sol vemmts . [ m m these past s t  mmd i ~s ( 27) , wm I y a I ~~~~ t i e

crease in vu l unuie ineaui di aniietem- was reco rded i. he nm - l — i ui et liv 1 p eu t ani—2 — one (Ml aF

nebuli:ed i n s t e a d  of w a t e r .  There fore , omme could expect a fourfold-gi- i-~i tiu

reduction in droplet si cc when time IiFPN s sten m i s em p l oyed i n n s tead u) I organm i i-

s o l v e n t s ;  moreover , the  convenience of using aqueous solutiomm s is retai n e d .

Furthe rmore , even greater reductIons i n  drop let  si  cc m i ght  an - i se i 1  St  m o n i ~:e

electric fields wei-e app lied timan those used here .

--
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A considerable reduc t i on  i n  the s i cc of the d rop le t s  p roduced by a corn —

vent i om ma I p m meu mmit  I c n m cb u h i Len - can be r e a l i  zed mu l e - re [y b y- app Ii e mi t  i omm of miii

elect  ri  c f i e l d .  For  p n - act  i em i l f l  mi nute or p l  mi s n ilm l di’t e l-un i l imit  i o mm s , a so Ic amid

i fleXpelis I ye sy-st cur con Id be h a il t cnnm p I oy I rig a s I mm ip 1 e I)mme mil n lm m t I c m meI ) u  i i  ze m ar id

a ii i ghi— vo l tmigc , l ow — cm urr e mmt p~~c’~- supp ly ; t h e  result I rig device simou lti Inn- u—

iluce smn ma l 1 d n-op l e t s  c a p a b l e  of 1)ei mmg e f f i  ci cu ut Iv  deso lymm t ed arid vapor - i :ed in

n um ost  anal ytical f lames o r p l m m s i n a s  . The p rese rmt  , Si  mnm p le des i gum could be n - emmdi lv

ada p ted to e x i s t  i ng ana l y t i c a l  sources ; f u r t h e  rnmore , the e lec t  n-odes are

a rr anged so that t ime s o l u t i o n  be ing  nebul  i zed i s  a l w a y s  at ground po t en t i a!

thereby el inu iinati ni g time possibility of electrol ysis in sanump le solut i omms on

ilanger to o p e r a t i n g  p e r s o n n e l .

N&imerous possi  bi lit i-es for future work exist . F i r s t , the FFI’N s~-s tern

must be ada p ted to a con ven t iom ia l  f lame or p la sm a  spectromneter  and t ime r e s u l t -

inig s e n s i t i v it i e s , l r e c i s i o m i  and in i t e r f e r - e n mces  eva lua t ed .  A l s o , t i m e  h i gh m l~

charged drop lets pr~ihumcei -h by the FFP N system shoun 1(1 readily I end time ni ms e h y es

to samp le mum odu lm i t i omi procedures ; such  s t u d i e s  m um-c cut-remi t  ly - u m md e n-was- imm on n

laborator y- . i : or  examp le , t i me—depen d enmt c h im i rg i  rig or t rapp  I m ig of t ime c h i mim - ge c h

drop lets could prove vial ) Ic as a means of sau m up Ic nuodu lot  i o n .  In  add i t i oum ,

work is being conducted towards adapting the IIFPN systenm to ami induct iv el v

coup led plasma (ICI’) source. T h i  s typ e of nehu l i zer ~0SSC55CS severa l chi :u r-

acter i  St  I cs which make i t ideal ly suited as a mneans of samp le j i l t  rodmict I on

i n t o  arm i d ’  source - C l e a r l y , work i 1mg w i  t i m  h i  gin p o t e n t  i : m l s i n n  an i nm e r t  at mnos —

pime re is mumor e des i rable  t han  i n  Ii igh  ly  conduct i ye f l  mi-inc gases . A~ I so , p r o d u i c —

t i on  of s m u mm i I I d rop le t  1 m m  mu 1i- h mit i y e  I y low g m I s  — I~~ I ow cm iv n n-o u i i i i ’ - i m  I ( m i s  n - eqm ~ i

mm most ICI ’  d i s i - h u m i r g e s )  m i l o n m g  w i  t i m  .t c o n m s u d - u - a h h -  dc - gr e - i - -  o h  i- o m i t  r i i l o t  I lit - i



I ,

production amid flow provides for very efficient use of samp le material .

/
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mmo electric ele ct i -i c
f i e l d  app I i ed t

~ f i e l d  m t i ) I ) l I ed h

20 pm 28

20 pun 41 19

a)  Time m i - co mm drop le t  d iameter  o t~ aqueous micro  s ’  I s  p r o dmice i l  l iv
f 1 minn ie less Beck m um m im bu m - i t em - s  has bcenm i-let i5 nun i nmed to be 21) mu m
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i gure I . 1)1 AGRAM OF II L E C ’I R l  C— F 1IiLI) h’NIIiJM A h I C  N I I B I J I  I : I I R

Fi gure 2. SCIII iMATI C DIAGRAM OF Li GUT S C A ’ I h l I R l  N t ;  O R S I . R V  VII mI \ NFl’ \RV I U5

( —p—-) op tical ~ma thi ; ( — — — — )  e le c t  r u c a l  p a t h ;  ( - -— ——— 1 3m i f b i5

I : I t i  u- i 3. h’IIOTOGRAPIIS OF SPAT [AL I I  G I l l  S C A I T I I R I  NU PRO F I i llS OF \ [RO SO1_ S I L )  1—
I)lJCIlh ) BY 1 : l tm PN SYST EM

— lie ) e l e c t r i c  f i e l d  a p p l i e d

B — e lectric field applied

Fi gu n-c 4. Pb IOiOM h CROGRAPI I 01: l)ROPLE IM P R E SS IONS I N  Fl  NE — l ; R . -\ I N I .\i NI :S I tIM MX III

Fl  guru  5. I h l S I O G R A ’ i  RLI PRII S IINhl NI; DROi’L11I SI Zi 1)1 SIR I BIn IONS (SiC’ ext fo r-
d i s c u s s i on ) .

- no electric field a p p l i e d

B — e l e c t r i c  f i e l d  a p p l i e d

The numbers centered above each bar represent time percen mt of time
t o t a l  umumber of drop le t s  observed wi th i n  th mzmt drop let s iz e  g roup .

Ci gum -c I) . ‘LPPI. I LVI  ION 01: TIl E Lo (;—N0RMAL FU N CI ’I  ON 10 Oh DRO15LIFI I ) !  5 C R I  B h I C I  I )\
i)A IN

(.~ I umo electric field app lied

(B)  e l ec t r i c  f i e l d  app l ied

I)rop lct diameters mire p lotted on a logarithmic scale ag ain ns t cm u mm imi lm r -
ti vc volunume fractions (V) on a probal i lity scale. (SimuLit i v e  v i i b m m m i m c
in-act i onms are calculated for each drop let size group by ii rst mnu l t i -

p l y  i mtg the frequency of u i -e l i  u - Id le-c bc the vol Li-uric of time iIi-o;i lit . l i m e
vo ltnme of the drop let is cmi i culated m m ssu nn i n g  sp imc ’ z- i i a l  geoutict i i  . Bc
summing  the  v o l u m e of e m mc h pi - ’~~’~ ous drop let  s I ze group t i  the mmi x
group , On-C Computes a cumulative volume foi’ cacti group . I-Fit u o i mug
t ime c u m u l a t i v e  volume computed for  each group  to t i m e  tot~ i I
c u m u l a t i v e  vo l ume r e s u l t s  i n  mu c u n n u l m i t i v e  v o l mi m u me f n m m e - t  l or m fo r  c - i ~- Im
group . 
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